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We report zircon U-Pb geochronology, geochemistry and Sr-Nd-Pb isotope data from maﬁc granulites
and garnet amphibolites of the Wuhe Complex in the southeastern margin of the North China Craton
(NCC). In combination with previous data, our results demonstrate that these rocks represent fragments
of the ancient lower crust, and have features similar to those of the granulite basement in the northern
margin of the NCC. A detailed evaluation of the Pb isotope data shows that Pb isotopes cannot effectively
distinguish the role of the Yangtze Craton basement from that of the NCC basement with regard to the
source and generation of magmas, at least for southeastern NCC. The age data suggest that the protoliths
of the granulites or amphibolites in the Wuhe Complex were most likely generated in Neoarchean and
that these rocks were subjected to Paleoproterozoic (1.8e1.9 Ga) high-pressure granulite facies meta-
morphism. This study also shows that the Precambrian metamorphic basement in the southeastern
margin of the NCC might have formed in a tectonic setting characterized by a late Neoarchean active
continental margin.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The North China Craton (NCC) is one of the oldest cratons in the
world and preserves ancient crustal remnants as old as 3.8 Ga (Liu
et al., 1992; Song et al., 1996; Zheng et al., 2004a; Wan et al., 2005;
Wu et al., 2005a; Zhai and Santosh, 2011). The Precambrian tectonic
framework of the NCC has been addressed in various recent studies
based on lithological, structural, geochronological and geochemical
investigations (Jahn and Zhang,1984; Zhao et al., 1998,1999, 2000a,
2000b, 2001, 2005, 2011; Kusky and Li, 2003; Polat et al., 2005;of Geosciences (Beijing)
sevier
sity of Geosciences (Beijing) and PKusky et al., 2007; Jahn et al., 2008; Zhao, 2009; Santosh, 2010;
Wan et al., 2010a, 2011a, 2011b; Kusky, 2011; Santosh et al., 2011a,
2011b; Trap et al., 2011; Wang and Liu, 2011; Zhai and Santosh,
2011). The NCC comprises a collage of Precambrian nuclei, incor-
porated into three major crustal blocks: the Yinshan Block, the
Ordos Block and the Yanliao Block. The Yinshan and Ordos Blocks
together comprise the Western Block and the Yanliao Block
constitutes the major part of the Eastern Block. The timing of
collision between the Eastern and Western Blocks has been
debated with one school of thought proposing a Neoarchean
assembly (Kusky, 2011, and references therein), whereas others
suggesting that the ﬁnal assembly of these blocks occurred in late
Paleoproterozoic, coinciding with the ﬁnal amalgamation of the
NCC within the Columbia supercontinent (Zhao et al., 2005, 2011;
Santosh, 2010; Santosh et al., 2011a, 2011b). Three major suture
zones have been identiﬁed that weld together the major crustal
blocks of the NCC: the InnerMongolia Suture Zone (IMSZ as deﬁned
by Santosh, 2010; which also incorporates the Khondalite Belt as
deﬁned in Zhao et al., 2005, 2011), the Trans-North China Orogen
(TNCO) and the Jiao-Liao Ji Belt (JLJB). A recent study proposes thateking University. Production and hosting by Elsevier B.V. All rights reserved.
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accretionary belts developed within a prolonged subduction-
accretion-collision realm prior to the ﬁnal cratonization of the
NCC (Santosh et al., 2011b). Several investigations have been
carried out on the various rock types along the IMSZ, TNCO and JLJB
generating a large data repository related to the lithologic, struc-
tural, petrological, geochemical and geochronological evolution of
the NCC in the last few years (e.g., Guo et al., 2002, 2005; Liu et al.,
2002, 2004a, 2005, 2006a, 2009a, 2009b, 2011a, 2011b; Lu et al.,
2002, 2004, 2006, 2008; Wilde et al., 2002, 2005; Luo et al.,
2004, 2006, 2008; Kröner et al., 2005, 2006; Wu et al., 2005b;
Santosh et al., 2006, 2007, 2008, 2009, 2011a, 2011b; Wan et al.,
2006a, 2006b, 2009; Zhao et al., 2007, 2008, 2010a, 2010b; Diwu
et al., 2008, 2010, 2011; Yin et al., 2009, 2011; Huang et al., 2010;
Jiang et al., 2010; Wang et al., 2010a, 2010b; Wang and Liu, 2011).
However, only few studies have been carried out on the south-
eastern margin of the NCC, especially on the metamorphic base-
ment. Both granulite xenoliths and basement rocks are widely
distributed in the NCC (e.g., Fan and Liu,1996; Fan et al., 1998, 2005;
Chen et al., 2001; Liu et al., 2001, 2004b; Zhai et al., 2001; Zhou
et al., 2002; Wilde et al., 2003; Huang et al., 2004; Jiang and Guo,
2010; Ying et al., 2010; Jiang et al., 2011; Zhang, 2012), and the
published data indicate that there are signiﬁcant differences in age,
composition, occurrence and equilibrium pressure between the
granulite xenoliths and the high grade basement rocks. In terms of
zircon ages, several intermediate-maﬁc granulite xenoliths
entrained in the Tertiary Hannuoba alkali basalts at the northern
segment of the NCC (Zhangjiakou region) have been considered to
be formed by Mesozoic basaltic underplating (e.g., Fan et al., 1998,
2005). Recent studies by Jiang et al. (2007, 2011) and Jiang and Guo
(2010) addressed the age and compositional differences between
the granulite xenoliths and the adjoining granulite terrains, and the
petrogenetic link between late Mesozoic intermediate-felsic
igneous rocks and the granulite xenoliths and high grade terrains.
These authors proposed that the source rocks for the Mesozoic
intermediate-felsic magmas in the Zhangjiakou region were most
likely late Archean lower crustal rocks similar in chemical and
isotopic composition to rocks in the granulite terrains, and that
some of themaﬁc granulite xenoliths such as those entrained in the
Hannuoba basalts also in the Zhangjiakou region could be restites
left behind after the partial melting of the late Archean lower crust.
In contrast, most of the granulite xenoliths in Quaternary basanites
from Nushan in the southeastern margin of the NCC show
compositional features that are markedly different from those of
the maﬁc granulites fromHannuoba, albeit resembling the Archean
granulite terrains with only few granulite xenoliths possibly being
formed by basaltic underplating during the Mesozoic (117e140 Ma,
sample NS202) (Huang et al., 2004). However, on the basis of highly
negative 3(Nd)(t) (27.7 to 34.7) values and other geochemical
data, Jiang et al. (2011) proposed that both sample NS202 and the
other xenoliths in Nushan are most likely remnants of ancient
lower crust and further suggested that the Mesozoic zircon ages in
some of these might reﬂect metamorphism related to the Mesozoic
magmatism rather than Mesozoic underplating (similar to some of
the granulite xenoliths in the Zhangjiakou region of the northern
NCC). These authors considered that many granitic plutons in the
southeastern margin of the NCC with ages of 112e160 Ma were
derived from the lower crust on the basis of data from Yang et al.
(2010). Indeed, the Mesozoic granitic plutons in the southeastern
margin of the NCC have a complex evolutionary history with the
primary magmas for some plutons derived through the partial
melting of the Yangtze Craton (YC) basement like Jingshan, Nushan
and Xilushan granitoids, whereas the other like Huaiguang and
Caoshan granitoids mainly originated from the partial melting of
the basement rocks of the NCC (Yang et al., 2007, 2010 andreferences therein). However, most of the studies in this region lack
data on the age and compositional characteristics of the meta-
morphic basement.
This study therefore attempts to constrain the age and compo-
sition of the metamorphic basement in the southeastern NCC and
to evaluate the petrogenesis of the Mesozoic granitic plutons. We
present SHRIMP zircons ages from a representative sample of the
metamorphic basement, provide trace element data on zircons
from a sample from this area that was previously analyzed for U-Pb
by Liu et al. (2009c) and also determine the salient major, trace
element and isotope compositions of several metamorphic base-
ment rocks and interpret their petrogenesis.
2. Geological setting and samples
The NCC is one of the three major cratons in China and covers an
area of more than 1,500,000 km2. Geographically, the craton is
bounded to the north and the west by Late Paleozoic Tianshan-
Xing’an-Mongolian Orogen and Early Paleozoic Qilianshan Orogen,
respectively, and in the south it is separated from the Yangtze Craton
(YC) by the Qinling-Dabie-Sulu UHP metamorphic belt (Fig. 1).
Recent models on the NCC (e.g., Santosh et al., 2011a, 2011b;
Zhao et al., 2011) classify the metamorphic basement in the NCC
into distinct tectonic blocks, separated by three Paleoproterozoic
accretionary belts e the IMSZ, TNCO and the JLJB. The IMSZ sepa-
rates the Yinshan and Ordos Blocks, the TNCO welds together the
Western and Eastern Blocks and the JLJB sutures the Longgang and
Nangrim Blocks. The present study area of Bengbu is located in the
Eastern Block along the southeastern margin of the NCC, bound by
the Tan-Lu fault zone to the east and the Dabie Orogen to the south
(Fig. 1). The Precambrian metamorphic basement rocks of the NCC
exposed in this area are grouped as the Wuhe Complex (Fig. 1). The
Wuhe Complex including metamorphosed maﬁc rocks and supra-
crustal rocks and voluminous granitoids including syenogranite,
granodiorite and monzogranite with formation age of 110e160 Ma,
are the main rock types constituting the Bengbu uplift (Fig. 1). The
intrusive contacts between the Mesozoic granitoids and the
country rocks of the Wuhe Complex are commonly exposed in the
ﬁeld, and the Mesozoic granitoids were extensively investigated
(Yang et al., 2010, and references therein). The main rock types
exposed in the Wuhe Complex include garnet-plagioclase pyroxe-
nite, garnet-biotite schist, marble, garnet-bearing granulite, garnet
amphibolite, plagioclase amphibolite and gray gneisses, similar in
rock association to the Houqiu Group (Complex), west of Bengbu
(Wan et al., 2010b). The gray gneisses are mainly composed of high-
alumina type TTG gneisses. Tu (1994) proposed that these TTG
gneisses originated from the partial melting of plagioclase
amphibolite, which occurs as xenoliths in the TTG gneisses. The
formation timing of the Wuhe Complex was previously considered
to be late Archean on the 1:200,000 regional geological map of the
Bureau of Geology and Mineral Resources of Anhui Province (1979).
However, several precise geochronological data reported in the
recent years have revised this notion. Xu et al. (2006a) reported LA-
ICP-MS zircon U-Pb ages from a garnet-plagioclase pyroxenite and
interpreted the obtained 1833  8 Ma age to represent the
formation timing of the Wuhe Complex, and they further proposed
that the Wuhe Complex experienced a little younger meta-
morphism after its formation. Guo and Li (2009) reported granulite
facies metamorphic age of 1870  10 Ma from a retrograde meta-
morphic garnet amphibolite by zircon SHRIMP dating. Liu et al.
(2009c) yielded an age of 1839  31 Ma through SHRIMP zircon
dating of a garnet amphibolite and interpreted the age to represent
the timing of the high-pressure granulite facies metamorphism in
combination with petrological evidence. These studies show that
the Wuhe Complex experienced 1.8e1.9 Ga metamorphism,
Figure 1. Geologic sketch map of the southeastern margin of the NCC (a, modiﬁed after Xu et al., 2006b). The inset ﬁgure shows the major tectonic division of China and the location
of the study area. YZ and SC denote the Yangtze Craton and South China Orogen, respectively. Also shown are the tectonic subdivisions of the NCC (Zhao et al., 2005), where EB, WB
and TNCO represent the Eastern and Western Blocks, and Trans-North China Orogen, respectively. Geologic sketch map of the Bengbu area (b, modiﬁed after Wang et al., 2009).
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determined.
Mesozoic intermediate-felsic granitic plutons are widely
distributed in the Bengbu uplift, including Jingshan, Huaiguang,
Caoshan, Nushan and Xilushan intrusions, and they were emplaced
during the Mesozoic from w160 Ma to 130e110 Ma (Fig. 1) (Yang
et al., 2010; Liu et al., 2012). The Quaternary Nushan basanites
entrain abundant mantle and subordinate lower crustal xenoliths.Detailed investigations on the geochronology, petrology and
geochemistry of these granulite xenoliths show that most of them
are of basic-intermediate composition, distinct from the maﬁc
granulites in Hannuoba basalts in the northern margin of the NCC,
but closely resembling those in Archean granulite terrains (Huang
et al., 2004). Through zircon SHRIMP ages, Huang et al. (2004)
proposed that the protoliths of the Nushan granulites were most
likely formed at ca. 2.5 Ga and experienced granulite facies
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207Pb/206Pb age of 2282  13 Ma and a disconcordant age of
2483  21 Ma, no realw2.5 Ga igneous zircon ages were obtained
in this study. One granulite xenolith (sample NS202) in their study
yielded a Mesozoic zircon age of w140 Ma and was correlated to
magmatism associated with Mesozoic basaltic underplating. Thus,
the Nushan granulite xenoliths were considered as dominantly
derived from the late Archean metamorphic basement and subor-
dinately from the maﬁc layer which was accreted to the basement
during late Mesozoic lithospheric thinning (Huang et al., 2004).
However, Jiang et al. (2011) proposed an alternative interpretation
that the granulite xenoliths (both sample NS202 and other xeno-
liths) are most likely remnants of an ancient lower crust on the
basis of Nd isotope and other evidence.
In the present study, three representative samples of the meta-
morphic basement rocks (07FY01, 07MJ4 and 07TS02) were
collected for geochemical and isotopic studies. One of these
(07FY01) was previously dated by our team (Liu et al., 2009c). This
sample is a garnet amphibolite from several such rocks occurring as
tectonic blocks or bands within impure marble. The rock is mainly
composed of garnet (w25%), plagioclase (w30%) and hornblende
(w40%) with minor clinopyroxene, titanite and rutile. Petrological
studies and zircon SHRIMP dating show that the rock experienced
1839  31 Ma high-pressure granulite facies metamorphism.
Sample 07MJ4 is a medium- to ﬁne-grained garnet granulite and is
mainly composed of garnet, clinopyroxene, hornblende, plagioclase,
quartz and minor rutile, ilmenite and secondary minerals. Sample
07TS02 is a coarse- to medium-grained plagioclase amphibolite
with the major mineral composition of plagioclase, amphibole,
pyroxene, quartz and accessories. SHRIMP zircon U-Pb dating for
sample 07MJ4 and zircon trace element analyses for the previously
dated sample 07FY01 were carried out. All these samples were also
analyzed for major and trace elements as well as Sr-Nd-Pb isotopes.
3. Analytical methods
Whole-rock major element analysis was performed by wet
chemical methods at the Langfang Laboratory of Regional Geolog-
ical Exploration Bureau of Hebei Province. Losses on ignition (LOI)
were determined by gravimetric methods. Analytical uncertainties
for the majority of major elements were better than 5%. Trace
element composition was determined by the Elan DRCII ICP-MS
housed at the CAS Key Laboratory of Crust-Mantle Materials and
Environments, University of Science & Technology of China in Hefei.
Detailed analytical procedures were presented by Hou and Wang
(2007). Reproducibility was better than 10% for elements with
concentration <10 ppm and better than 5% for those >10 ppm. The
analytical results are listed in Table 1.
Zircon grains were extracted from whole-rocks through stan-
dard procedures through crushing and sieving, followed by
magnetic and heavy liquid separation and then hand-picking under
binocular microscope. The zircon grains of sample 07MJ4 were
mounted in an epoxy disc with a zircon U-Pb standard TEM
(417 Ma) (Black et al., 2003). Then the mount was cleaned, gold-
coated and polished until all zircon grains were approximately
cut in half. After that, all zircon grains were disposed by transmitted
and reﬂected light micrographs and CL imaging with the purpose of
selecting potential target location for mass spectrometry analyses.
Both the CL imaging and mass spectrometry analyses were
undertaken at Beijing SHRIMP Center, Chinese Academy of
Geological Sciences (CAGS). The standard analytical procedures
followed those in Nelson (1997). Common Pb corrections were
made using measured 204Pb, the raw data were reduced following
Compston et al. (1992) with the ISOPLOT program of Ludwig
(2001). Individual analyses in the data table and concordiadiagrams are presented with 1s error, while the mean age and
intercepted age are givenwith 2s (95% conﬁdence level). The zircon
age data are given in Table 2. The trace element analyses in zircons
were done at the Institute of Geology and Geophysics, the Chinese
Academy of Sciences in Beijing. Instrumental conditions and data
acquisition are described by Xu et al. (2004). The zircon trace
element data are listed in Table 3.
The Rb-Sr and Sm-Nd isotopic ratios and concentrations were
determined by isotopic dilution methods. Detailed analytical proce-
dures are described in Chen et al. (2002). Isotopic determinationwas
performed on a Finnigan MAT-262 thermal ionization mass spec-
trometer (TIMS) at the University of Science & Technology of China
(USTC) in Hefei. The 87Sr/86Sr ratios were normalized to 86Sr/88Sr ¼
0.1194 and the 143Nd/144Nd ¼ 0.7219. Total procedural blanks were
<300 pg for Sr and <50 pg for Nd. During the period of analysis, the
analyses of standard NBS987 yield 87Sr/86Sr ¼ 0.710252  19 and
Jndi-1 give 143Nd/144Nd ¼ 0.512128  21. The Pb isotope chemical
puriﬁcation was also conducted at the University of Science & Tech-
nology of China, and the isotopic ratios were measured on a multi-
collector inductively coupled plasma mass spectrometer (MC-ICP-
MS) at the Tianjin Institute of Geology and Mineral Resources. The
chemical puriﬁcation was described in Chen et al. (2002). Specially,
Pb was loaded with a Si-gel onto a pre-conditioned Re ﬁlament and
measured atw1300 C in single-ﬁlamentmode. Uraniumwas loaded
with 1 N HNO3 onto an operated Re ﬁlament and was measured in
double-ﬁlament conﬁguration. The total procedural blanks were
<5 pg for Pb and for U. Long-term analysis of the standard NBS981
yield 206Pb/204Pb¼ 16.9410.009, 207Pb/204Pb¼ 15.4970.009, and
208Pb/204Pb ¼ 36.719  0.019, respectively. The isotope data are also
shown in Table 1.
4. Results
4.1. Zircon trace element data for sample 07FY01
Liu et al. (2009c) reported the characteristics and SHRIMP data
of zircons in sample 07FY01. Based on grain morphology and
internal structures, the zircons in this sample were identiﬁed to be
of metamorphic origin with a single peak at 1839  31 Ma. In-situ
analyses of trace elements in zircons can provide important infor-
mation in distinguishing between metamorphic and magmatic
zircons (e.g., Belousova et al., 2002; Rubatto, 2002; Hermann and
Rubatto, 2003; Hoskin and Schaltegger, 2003; Wu and Zheng,
2004; Harley and Kelly, 2007). In this study, 8 spots were
analyzed from 8 zircons (Fig. 2a, b; Table 3). All the analytical spots
exhibit low P, Ti, Sr, Nb, Ba, Ta contents, some of which are even
lower than detection limit. The LREE contents of these grains are
very low, some of which are lower than detection limit, and the
total REE contents are also very low, typical of metamorphic zircons
(e.g., Bingen et al., 1996; Rubatto, 2002;Wu and Zheng, 2004;Wang
et al., 2010a). In the chondrite-normalized REE diagrams, all the
analytical spots are characterized by high HREE/LREE ratios, ﬂat
HREE patterns and no signiﬁcant Eu anomalies (Eu/
Eu* ¼ 0.68e1.42) (Sun and McDonough, 1989), consistent with
a high-grade metamorphic origin (Fig. 3) (e.g., Wang et al., 2010a;
Liu et al., 2011c). The Ti contents of the zircons range from 5.99 to
9.25 ppm, yielding relatively consistent crystallization tempera-
tures of 700e739 C with a mean of 718 C (Table 3). The Ti-in-
zircon temperatures are markedly lower than the metamorphic
temperatures estimated by Liu et al. (2009c).
4.2. SHRIMP zircon dating result of sample 07MJ4
More than 100 zircon grains were separated from sample
07MJ4. Most of the zircon grains are light gray and have length of
Table 1
Major (wt. %) and trace (ppm) element and Sr-Nd-Pb isotope data for the metamorphic basement rocks from southeastern margin of the North China Craton.
Sample 07MJ4 07TS02 07FY01 Sample 07MJ4 07TS02 07FY01
SiO2 50.72 50.02 48.78 87Rb/86Sr 0.0355 1.2938 0.2025
Al2O3 13.31 13.75 13.45 87Sr/86Sr 0.70327 0.71093 0.70960
Fe2O3 3.34 3.73 1.07 2s 0.00001 0.00001 0.00001
TiO2 0.88 0.72 1.31 (87Sr/86Sr)i(t ¼ 140 Ma) 0.703199 0.708355 0.709197
FeO 8.45 8.60 12.84 147Sm/144Nd 0.1991 0.1743 0.1877
CaO 11.55 10.31 10.14 143Nd/144Nd 0.51258 0.51217 0.51240
MgO 6.25 6.90 7.79 2s 0.00012 0.00009 0.00007
K2O 0.23 1.13 0.59 3(Nd)(0) 1.1 9.1 4.7
Na2O 3.50 2.35 2.01 3(Nd)(t)(t ¼ 2.5 Ga) 1.9 1.9 1.9
MnO 0.19 0.25 0.23 T2DM (Ma) 3017 3020 3019
P2O5 0.13 0.11 0.13 3(Nd)(t)(t ¼ 140 Ma) 1.14 8.69 4.57
H2Oþ 0.85 1.08 0.78 206Pb/204Pb 17.030 17.186 18.826
LOI 1.70 1.96 2.03 2s 0.001 0.000 0.000
Mg# 49 51 50
20
7Pb/204Pb 15.376 15.397 15.659
CIA 47 50 51 2s 0.001 0.000 0.001
Be 0.49 0.98 0.60 208Pb/204Pb 36.869 37.492 37.540
Sc 43.9 43.6 43.5 2s 0.002 0.001 0.002
V 316.6 280.9 330.9
Cr 101.1 105.4 136.4
Co 47.9 41.5 52.2
Ni 61.9 43.6 64.9
Cu 20.9 11.6 16.4
Zn 82.9 80.5 92.0
Ga 18.1 15.8 16.2
Rb 6.99 38.7 12.3
Sr 394.8 85.5 166.9
Y 24.2 27.1 29.2
Zr 67.9 64.6 62.3
Nb 4.17 3.66 4.02
Cs 0.49 0.91 0.71
Ba 80.9 116.6 357.6
La 4.05 8.12 6.48
Ce 11.1 18.1 16.2
Pr 1.62 2.27 2.17
Nd 8.63 10.8 11.0
Sm 2.73 2.86 3.22
Eu 0.89 0.96 1.05
Gd 3.10 3.57 4.02
Tb 0.53 0.59 0.67
Dy 3.41 3.90 4.41
Ho 0.73 0.85 0.94
Er 2.14 2.48 2.68
Tm 0.31 0.39 0.40
Yb 2.11 2.87 2.89
Lu 0.32 0.47 0.44
Hf 1.58 1.44 1.49
Ta 0.23 0.23 0.28
Pb 3.31 30.0 3.86
Th 0.22 1.64 0.71
U 0.33 0.88 0.26
CIA ¼ 100 Al2O3/(Al2O3þCaO þ Na2O þ K2O).
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playing spherical to oval shapes. In CL, all the grains show homo-
geneous luminescence without any distinct growth zoning. All
these features are similar to the zircons in sample 07FY01 described
by Liu et al. (2009c), in the absence of any igneous/inherited zircon
grains or core-rim structure. U-Th-Pb isotope analyses by SHRIMP
were performed on 22 spots on 22 grains. The U and Th contents
range from 7 to 145 ppm and 3 to 62 ppm with Th/U values in the
range of 0.23e0.62 (Table 2). With the exception of one spot 17.1
with an anomalous value of high Th and U contents, the other 21
spots yield a relatively consistent age group with a weighted mean
value of 1876  18 Ma (MSWD ¼ 0.96) (Fig. 4). If the two high U
(spots 12.1 and 17.1) and three discordant data (spots 11.1, 13.1 and
14.1 with discordant degree larger than 5%) are excluded in calcu-
lation, the other 17 analyses deﬁne a consistent group with an age
of 1842  16 Ma (MSWD ¼ 1.07), which is similar to the age data
obtained from sample 07FY01 (Liu et al., 2009c). Although all theanalytical spots exhibit high Th/U ratios, and the zirconmorphology
and internal structure and their low Th and U contents suggest that
these zircons are of metamorphic origin. Indeed, granulite-facies
metamorphic zircons generally show high Th/U ratios (e.g., Bingen
et al., 1996; Vavra et al., 1999; Wu and Zheng, 2004; Santosh et al.,
2011b). In combination with previous data, and the typical
mineral assemblage of garnet þ clinopyroxene þ plagioclase þ
quartz that represents high-pressure granulite facies conditions
(Yardley, 1989; O’Brien and Rötzler, 2003), we conﬁrm that the
southeastern margin of the NCC experienced 1.8e1.9 Ga high-
pressure granulite facies metamorphism.
4.3. Major and trace elements
The three representative samples of the metamorphic basement
rocks analyzed in this study show w(SiO2) contents of 50.72%,
50.02% and 48.78% and Mg# of 49, 50, 51 (Table 1). According to the
Table 2
SHRIMP zircon U-Pb data for sample 07MJ4 in the southeastern margin of the North China Craton.
Spots 206Pbc (%) U (ppm) Th (ppm) Th/U 206Pb* (ppm) 207Pb*/235U % 206Pb*/238U % 207Pb/206Pb
Age (Ma) 1s
1.1 0.53 17 8 0.47 4.9 4.68 5.2 0.3237 2.6 1712 83
2.1 0.34 52 31 0.10 14.7 5.35 2.8 0.3279 1.5 1931 42
3.1 1.26 7 3 0.70 2.1 5.36 10.0 0.3305 3.6 1919 167
4.1 0.50 38 11 0.29 11.1 5.21 2.8 0.3351 1.6 1846 43
5.1 1.55 12 3 0.25 3.5 5.14 5.0 0.3214 2.7 1894 74
6.1 0.23 40 10 0.25 11.8 5.38 2.3 0.3399 1.5 1876 31
7.1 0.35 27 9 0.33 7.8 5.14 3.6 0.3333 1.8 1830 57
8.1 1.28 17 4 0.24 4.7 4.93 4.4 0.3202 2.4 1828 67
9.1 0.00 97 35 0.36 26.7 5.04 1.4 0.3206 1.0 1866 19
10.1 0.00 24 11 0.46 6.9 5.19 2.8 0.3297 2.0 1865 37
11.1 0.45 23 8 0.35 6.3 5.01 3.6 0.3129 2.1 1898 52
12.1 0.12 131 53 0.40 37.1 5.18 1.6 0.3288 1.0 1868 22
13.1 0.00 17 4 0.24 4.4 5.11 3.5 0.3040 2.5 1986 45
14.1 0.00 33 15 0.45 8.8 4.95 2.5 0.3119 1.8 1882 32
15.1 1.16 15 7 0.47 4.2 5.11 4.5 0.3273 2.7 1854 65
16.1 1.13 12 3 0.25 3.2 4.89 6.9 0.3089 2.9 1876 113
17.1 0.10 145 62 0.43 40.0 4.86 1.2 0.3199 0.8 1802 16
18.1 0.39 18 5 0.28 5.4 5.51 3.7 0.3426 2.3 1905 53
19.1 0.00 40 17 0.43 11.4 5.24 2.3 0.3363 1.6 1848 30
20.1 0.33 22 9 0.41 6.5 5.46 3.4 0.3387 2.2 1911 47
21.1 0.00 15 4 0.27 4.3 5.43 5.4 0.3382 2.6 1901 84
22.1 0.72 9 3 0.33 2.7 5.75 5.4 0.3370 3.2 2012 77
Pbc and Pb* indicate the common and radiogenic portions, respectively. Pb*: corrected for common 204Pb using measured 204Pb. All errors are 1s.
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samples have w(MgO) > 6%, suggesting magmatic protoliths. The
rocks show relatively consistent compositions in Al2O3, TiO2, TFeO
and Cao contents. Their major element data resemble the compo-
sitions of the Nushan granulite xenoliths and the granulite terrains,
but are remarkably different from the Hannuoba maﬁc granulites.
In SiO2 vs. Mg# and Mg# vs. TiO2 diagrams, our samples show
compositions similar to the Nushan granulite xenoliths and are
located in the range of the composition of granulite terrains in theTable 3
Data of zircon trace element and Ti-in-zircon geothermometer for sample 07FY01.
Spots 1.1 5.1 6.1 15.
Domain Me Me Me Me
Concordance Yes Yes Yes Yes
Inclusion No No No No
P 84.92 39.92 54.6 57.
Ti 7.59 6.69 6.88 6.3
Rb 0.48 <0.275 <0.244 <0.
Sr 0.39 <0.110 0.05 0.0
Y 11.53 36.99 43.8 75.
Zr 529,622 423,551 436,569 420
Nb 0.114 0.053 0.0511 0.0
Ba <0.45 <0.35 <0.44 0.3
La <0.00 <0.00 <0.041 <0.
Ce 0.227 0.338 0.517 0.8
Pr <0.0246 <0.033 0.0058 <0.
Nd <0.00 0.291 <0.166 0.5
Sm 0.26 0.071 0.191 1.1
Eu <0.00 0.073 0.214 0.6
Gd 0.22 1.53 2.17 4.8
Tb 0.164 0.451 0.663 1.2
Dy 0.98 5.19 5.22 10.
Ho 0.253 1.125 1.517 2.4
Er 1.34 3.19 4.07 6.7
Tm 0.163 0.457 0.633 1.0
Yb 1.29 3.67 2.97 8.3
Lu 0.188 0.555 0.726 1.1
Hf 10,708.75 8627.32 8659.6 832
Ta 0.063 0.0127 0.0247 0.0
T(C) 721 710 712 704
Eu/Eu* No 0.68 1.02 0.8
Me: Metamorphic zircon.NCC (Fig. 5a, b) (Huang et al., 2004). The chemical indices of
alternation (CIA) of the three samples (47, 50 and 51) are also
consistent with those of the granulite terrains (Huang et al., 2004).
The rocks show consistent trace element compositions, espe-
cially for the REE and HFSE. In the Mg# vs. Cr and Nb diagrams
(Fig. 5c, d), they show features similar to those of the Nushan
granulite xenoliths and the granulite terrains, albeit distinct from
the composition of the Hannuoba granulite xenoliths (Huang et al.,
2004). In the chondrite-normalized REE diagrams, they display ﬂat1 14.2 16.1 13.1 12.1
Me Me Me Me
Yes Yes Yes Yes
No No No No
39 47.52 40.02 58.93 46.7
7.96 5.99 9.25 8.66
255 <0.30 <0.242 <0.220 <0.29
85 0.0155 0.154 0.03 0.0108
59 45.9 14.03 17.86 43.52
,683 414,846 431,723 441,842 416,563
384 0.0564 0.101 0.0681 0.082
6 <0.00 <0.41 <0.33 <0.00
00 <0.00 <0.054 <0.031 <0.082
43 0.974 0.239 0.299 0.286
041 0.0163 <0.045 <0.0223 <0.00
0.275 <0.179 <0.00 0.096
9 0.295 <0.26 0.07 0.058
76 0.462 0.069 0.101 0.1
6 3.35 0.41 0.64 1.46
41 0.9 0.149 0.185 0.375
6 6.92 1.54 2.1 5.03
5 1.479 0.389 0.569 1.19
9 3.81 1.25 1.67 4.45
2 0.596 0.201 0.239 0.663
3 4.32 1.86 1.65 4.6
25 0.58 0.292 0.23 0.656
6.17 7913.62 8189.74 8888.41 8326.17
201 0.0182 0.0337 0.0318 0.0354
725 700 739 733
6 1.42 No 1.46 1.05
Figure 2. CL images of zircons from samples 07FY01 (a and b) and 07MJ4 (c and d). The solid circles denote SHRIMP analytical spots, and the dashed circles denote trace element
analytical spots.
Figure 3. Chondrite-normalized REE distribution patterns for zircons from sample
07FY01. The chondrite values are from Sun and McDonough (1989).
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of 1.4e2.0, similar to maﬁc granulite and amphibolite samples in
granulite terrains (Fig. 6) (Zhai et al., 2001; Fan et al., 2005; Jiang
et al., 2007, 2011; Jiang and Guo, 2010). Although our samples
and the Nushan granulite xenoliths have similar ﬂat HREE patterns
(Fig. 7a), yet the Nushan granulite xenoliths have LREE contents
higher than those of the present samples. However, the REE
contents of both the Nushan granulite xenoliths and our samples
are located in the range of high-pressure basic granulites of the NCC
but are higher than the Hannuoba granulite xenoliths (Zhai et al.,
2001; Fan et al., 2005). This implies that our samples are similar
to the regional granulites and the Nushan granulite xenoliths, and
the differences in the REE are probably linked to the variation in the
whole-rock compositions.
The granulites analyzed in this study are characterized by
enrichment of Rb, Ba, K and by depletion of Nb, Ti and P (Fig. 7b). In
the primitive mantle-normalized trace element pattern diagrams,
most of the trace elements show distribution patters similar to
those of the Nushan granulite xenoliths, although they are different
Figure 4. Zircon U-Pb concordia diagram for sample 07MJ4.
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(Fig. 7b). However, the trace element contents of our samples are
systematically lower than the Nushan granulite xenoliths, further
suggesting that the differences in trace element contents may be
related to the difference in their whole-rock compositions.Figure 5. Mg# vs. SiO2 (a), TiO2 (b), Cr (c), Nb (d) diagrams. NS202 and Nushan granulite x
JN0853 and JN0831) in Hannuoba basalts are cited from Jiang et al. (2011). The ranges of N4.4. Sr-Nd-Pb isotope data
The Sr-Nd-Pb isotopic data suggest that the basement rocks in
Fengyang, which occur as tectonic blocks or bands within impure
marble, as well as the surrounding marbles are characterized byenoliths are from Huang et al. (2004). Four maﬁc granulite xenoliths (JN0724, JN0813,
CC granulite terraines are cited from Huang et al. (2004).
Figure 6. Chondrite-normalized REE distribution patterns for the studied samples in
the southeastern margin of the NCC. The chondrite values are from Sun and
McDonough (1989). The data on maﬁc granulites and amphibolites in the granulite
terrains are from Jiang et al. (2007, 2011).
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rocks outside the Fengyang area (i.e., in Meijia and Tushan areas)
are characterized by low radiogenic Pb isotopic compositions
(Fig. 8). In the 206Pb/204Pb vs. 207Pb/204Pb and 208Pb/204Pb diagrams,
samples 07MJ4 (Meijia and Tushan areas, outside of Fengyang area)
have similar Pb isotope compositions and lie in the range of
compositions reported from the NCC terrain (Tu et al., 1993; Zhou
et al., 2002; Liu et al., 2004b; Ying et al., 2010). On the other
hand, sample 07FY01 with high radiogenic Pb composition is
plotted out of the range of the NCC terrain (Fig. 8). In summary, the
basement rocks in Fengyang area are characterized by high radio-
genic Pb isotope compositions, whereas those outside Fengyang
have relatively lower radiogenic Pb isotope ratios. In addition, the
Nushan granitoids are plotted outside the ﬁeld of “NCC terrain”, but
the Caoshan and Huaiguang granitoids are plotted within the ﬁeld
(Fig. 8).
When calculated at t ¼ 2.5 Ga, the Wuhe metamorphic base-
ment rocks and the Nushan granulite xenoliths have similar two-
stage Nd model ages of 2.6e3.0 Ga, consistent with the data on
the metamorphic basement of the NCC (Jahn and Zhang, 1984;
Huang et al., 2004; Wu et al., 2005b), although a little younger than
the Nd model ages of the Hannuoba granulite xenoliths (majority
being >3.3 Ga). When calculated at t ¼ 140 Ma, the Nushan gran-
itoids have consistent Nd model ages of w2.15 Ga, and the Huai-
guang and Caoshan granitoids yield consistent Nd model ages of
2.6e2.7 Ga. With an aim to better compare and constrain the
petrogenesis of the Mesozoic granitoids, the isotopic data from
Nushan granulite xenoliths, Wuhe basement rocks, Hannuoba
granulite xenoliths, and the Nushan, Caoshan and Huaigang
granitic plutons were recalculated at t ¼ 140 Ma. It is interesting to
note that all of the rocks, except the Nushan granulite xenoliths and
one sample 07MJ4, display similar (87Sr/86Sr)i and 3(Nd)(t) ratios,
falling within the range given in Jiang et al. (2011) (Fig. 9). The
Nushan granulite xenoliths display relatively lower (87Sr/86Sr)i and
3(Nd)(t) ratios, similar to the remnants of late Archean lower crust
(Fig. 9) (Jiang et al., 2011). In the following sections, we will use
these data to constrain the petrogenesis of the Mesozoic granitoids
in the southeastern NCC.
5. Discussion
5.1. The timings of formation and metamorphism of the basement
in the southeastern margin of the NCC
Although numerous studies have been carried out on the
metamorphic basement of the NCC, no detailed work has yet been
done on the basement rocks in the southeastern margin of the NCC.
Previous data suggest that the basement rocks in the southeasternmargin experienced 1.8e1.9 Ga high-pressure granulite facies
metamorphism (Xu et al., 2006a; Guo and Li, 2009; Liu et al.,
2009c). However, the timing of formation of the metamorphic
basement in this region, as represented in the Wuhe Complex, has
not yet been settled. Based on CL characteristics, zircons in the
garnet-plagioclase pyroxenite in theWuhe Complex can be divided
into both magmatic and metamorphic categories. Forty-nine
analyses on these zircons yield a weighted mean age of
1833  8 Ma, which has been interpreted as the formation timing
of this rock. However, intrusive contact between the Paleoproter-
ozoic Zhuangzili and Mopanshan K-feldspar granites and the
Wuhe Complex (host rocks) are well exposed in the ﬁeld, sug-
gesting that the Wuhe Complex should be older than 2.1e2.2 Ga,
i.e., older than the timing of emplacement of the Zhuangzili and
Mopanshan K-feldspar granites (Yang et al., 2009). Based on single
zircon U-Pb dating, ages of 2.41e2.46 Ga (formation ages) were
derived from the TTG gneisses (Tu, 1994). Although no typical
magmatic zircons were identiﬁed in the present study and in
previous studies (Guo and Li, 2009; Liu et al., 2009c), the above data
suggest that the Wuhe Complex might have formed in the late
Archean. The 2523  52 Ma inherited zircon age in the earliest
Neoproterozoic maﬁc igneous rocks in the southeastern margin of
the NCC is considered to represent the timing of formation of
Archean crust (Liu et al., 2006b), which is also consistent with the
data from the Nushan granulite xenoliths (Huang et al., 2004).
Additionally, in recent time, late Neoarchean inherited zircons have
also been documented by Liu et al. (2012). Taken together, the
Wuhe Complex is suggested to have formed during Neoarchean,
in agreement with the interpretation given in the 1:200,000
region geological map published by the Bureau of Geology and
Mineral Resources of Anhui Province (1979). However, we cannot
exclude the possibility that some basement was formed in the
Paleoproterozoic.
Guo and Li (2009) considered thew1857 Ma age obtained from
a retrogressed garnet amphibolite from the Wuhe Complex in
Bengbu to represent the timing of granulite facies metamorphism.
Based on petrological data and studies on mineral inclusions in
zircons, Liu et al. (2009c) further suggested that thew1839 Ma age
that they obtained from a garnet amphibolite as the timing of high-
pressure granulite facies metamorphism. The 1.8e1.9 Ga high-
pressure granulite facies metamorphism is also conﬁrmed in the
present study. Sample 07MJ4 is a medium- to ﬁne-grained garnet
granulite with typical high-pressure granulite facies mineral
assemblage of clinopyroxene þ plagioclase þ garnet þ quartz. The
zircons from this sample closely resemble those from sample
07FY01, characterized by oval to spherical shape and various to
homogeneous structure without growth zoning. Therefore, the
weighted mean age ofw1842 Ma can be taken as the time of high-
pressure granulite facies metamorphism.
The 1.8e1.9 Ga high-pressure granulite facies metamorphism
can be further constrained by the trace element data obtained in
the present study on the previously dated sample 07FY01. The
zircon trace element features of this sample are markedly different
from magmatic zircons, which are characterized by high trace
element contents like Th, U, Nb, Ta, left-inclined REE distribution
patterns with high HREE contents and positive Ce and negative Eu
anomalies (e.g., Rubatto, 2002; Hoskin and Schaltegger, 2003). In
contrast, the zircons in sample 07FY01 contain low trace element
contents and exhibit ﬂat HREE patterns, implying the co-
occurrence of garnet (e.g., Rubatto, 2002; Wang et al., 2010a).
Although our zircon data have no marked negative Eu anomalies
with implication of the co-occurrence plagioclase, these zircons
can also be considered to be of granulite facies metamorphic
origin. Indeed, the reasons that lead to zircon Eu anomaly are
very complex, and are controlled by the co-existing minerals,
Figure 7. (a) Chondrite-normalized REE distribution patterns for the studied samples, the Nushan granulite xenoliths, the Hannuoba maﬁc granulite xenoliths, the Nushan, Caoshan
and Huaiguang granitoids; (b) primitive-normalized trace element distribution patterns for the studied samples, the Nushan granulite xenoliths, the Hannuoba maﬁc granulite
xenoliths, the Nushan, Caoshan and Huaiguang granitoids. Data for Nushan granulite xenoliths, Hannuoba maﬁc granulite xenoliths, the Nushan, Caoshan and Huaiguang granitoids
are from Huang et al. (2004), Jiang et al. (2011) and Yang et al. (2010), respectively.
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compositions (Bingen et al., 1996; Hoskin and Schaltegger, 2003;
Wu and Zheng, 2004). The lack of negative Eu anomaly for our
metamorphic zircons may be related to the whole-rock composi-
tions (Bingen et al., 1996; Hoskin and Schaltegger, 2003; Wang
et al., 2010a). The Ti-in-zircon temperature obtained in our study
shows a lower value than that reported from conventional petro-
logical thermometers by Liu et al. (2009c). A similar case is also
noted from high grade rocks in the northern margin of the NCC
(Huai’an Complex), where the Ti-in-zircon temperature is system-
atically lower than of the values derived from traditional ther-
mometers (Guo et al., 2002; Wang et al., 2010a). However, our dataare in good agreement with the Ti-in-zircon temperature reported
byWang et al. (2010a), from the 1.8e1.9 Ga granulite facies rocks of
the Huai’an Complex.
Based on the above information, we infer that the Wuhe
Complex in the southeastern margin of the NCC was most likely
formed during Neoarchean and was subjected to 1.8e1.9 Ga high-
pressure granulite facies metamorphism. Paleoproterozoic granu-
lite facies metamorphic event has been widely documented in
previous studies from the TNCO (e.g., Guo et al., 2002; Wilde et al.,
2002, 2005; Wang et al., 2010a). Our data further conﬁrm that the
1.8e1.9 Ga high-pressure granulite facies metamorphism is more
widely distributed than previously thought.
Figure 8. 206Pb/204Pb vs. 207Pb/204Pb (upper panel) and 208Pb/204Pb (lower panel)
diagrams for the studied samples, the Hannuoba maﬁc granulite xenoliths, the Nushan,
Caoshan and Huaiguang granitoids. Data for Hannuoba maﬁc granulite xenoliths, the
Nushan, Caoshan and Huaiguang granitoids are from Jiang et al. (2011) and Yang et al.
(2010), respectively. The range of NCC terrain is from Tu et al. (1993), Zhou et al. (2002)
and Ying et al. (2010).
A. Wang et al. / Geoscience Frontiers 4 (2013) 57e71 675.2. Presence of ancient lower crust and constituents of the ancient
lower crust in the southeastern NCC
Whether or not an ancient lower crust is present in the south-
eastern margin of the NCC is critical for evaluating the modelsFigure 9. (87Sr/86Sr)i vs. 3(Nd)(t) (calculated at t ¼ 140 Ma) diagram for the studied
samples, the Nushan granulite xenoliths, the Hannuoba maﬁc granulite xenoliths, the
Nushan, Caoshan and Huaiguang granitoids. Data for Nushan granulite xenoliths,
Hannuoba maﬁc granulite xenoliths, the Nushan, Caoshan and Huaiguang granitoids
are from Huang et al. (2004), Jiang et al. (2011) and Yang et al. (2010), respectively. The
given range (dashed line) is cited from Jiang et al. (2011).proposed for the petrogenesis of Mesozoic granitoids in the Bengbu
area (Jiang et al., 2007, 2011; Jiang and Guo, 2010). Several previous
studies suggest that most of the granulite xenoliths includingmaﬁc,
intermediate and felsic varieties can be considered to represent
samples of the ancient lower crust, as inferred from petrological,
geochemical, geochronological and Sr-Nd-Hf isotopic data (Wilde
et al., 2003; Zheng et al., 2004b; Jiang et al., 2007, 2011; Jiang and
Guo, 2010). A similar situation is also observed in the south-
eastern margin of the NCC. Previous investigations indicate that
most of the granulite xenoliths entrained in the Nushan basalt in
the southeastern NCC can be also interpreted to represent
remnants of ancient lower crust (Huang et al., 2004; Jiang et al.,
2011).
In the northern margin of the NCC, although the Hannuoba
granulite xenoliths demonstrate the presence of ancient lower
crust, Jiang et al. (2007) proposed that the ancient lower crust could
be represented by the terrain granulites in the adjoining area. At the
same time, they also assumed that the amphibolites are also likely
components of the ancient lower crust. The samples in our present
study from the southeastern NCC also represent ancient lower
crust, as supported by several lines of evidence. These rocks formed
at w2.5 Ga and experienced 1.8e1.9 Ga high-pressure granulite
facies metamorphism, similar to the record from surrounding
granulite terrains. In addition, the major and trace element char-
acteristics as well as the Sr-Nd-Pb isotope compositions of the
studied samples are markedly similar to the terrain granulites and
amphibolites (Figs. 5e9). Taken together, it is clear that an ancient
lower crust is present in the southeastern margin of the NCC.
5.3. Constraints on the petrogenesis of the Mesozoic granitic
plutons
Jiang et al. (2011) proposed a newmodel (melt-restite model) to
explain the petrogenesis of the Mesozoic intermediate-felsic
igneous rocks in the northern margin of the NCC. They further
extended this model for the Mesozoic granitic plutons in the
southeastern margin of the NCC. Based on geochronological and
geochemical data, Yang et al. (2007, 2010) believed that the Huai-
guang and Caoshan granitoids were derived through partial
melting of the NCC basement in the Bengbu area (Wuhe Complex),
and the Nushan syenogranites might have originated mainly from
the partial melting of the YC basementwith the partial involvement
of NCC basement. However, these conclusions were drawnwithout
any data from the metamorphic basement in the southeastern
margin of the NCC. Our study demonstrates that ancient lower
crust is present in the southeastern margin of the NCC.
The evidence lends support to Jiang et al.’s (2011) model on the
basis of the following aspects. Firstly, there is considerable overlap
in the Sr and Nd isotopic compositions of the regional granulites
(source rocks), Mesozoic igneous rocks (melt), and the pyroxene-
rich granulite xenoliths (restites). Secondly, in the primitive
mantle normalized trace element patterns, the intermediate and
felsic igneous rocks have higher incompatible element concentra-
tions than those for rocks from the granulite terrains; whereas the
pyroxene-rich maﬁc xenoliths display lower values (Jiang et al.,
2007, 2011; Jiang and Guo, 2010). In the (87Sr/86Sr)i vs. 3(Nd)(t)
(t ¼ 140 Ma) diagram, the Mesozoic granitic rocks (Nushan, Huai-
gang, Caoshan) in the southeastern NCC, the pyroxene-rich gran-
ulite xenoliths from Hannuoba basalts, and the Wuhe Complex
rocks (this study) have similar Sr-Nd isotopic compositions, and fall
within the ﬁeld identiﬁed in Jiang et al. (2011) (Fig. 9). In the
primitive mantle normalized trace element diagram, with the
exception of few elements like P, Ti and Y, the distribution patterns
of other elements show that the trace element contents of Wuhe
Complex are higher than those of the pyroxene-rich granulite
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(Fig. 7b). These observations suggest that the Jiang et al.’s (2011)
model can also be extended to the rocks in the southeastern
margin of the NCC. The geochronological and geochemical data on
the Mesozoic granitic rocks in the Bengbu uplift show that the
Caoshan and Huaiguang granitic rocks were derived from the
partial melting of the NCC basement, whereas the Nushan granitic
rocks were mainly derived from partial melting of the YC basement
involving minor NCC basement (Yang et al., 2010 and references
therein). Although our Sr-Nd isotope and trace element data
suggest that all the three granitoid plutons are likely derived from
partial melting of the NCC basement, the Caoshan and Huaiguang
granitoid rocks exhibit almost consistent compositions in isotope
and trace element geochemistry. In contrast to these two granit-
oids, the Nushan rocks show some differences in Sr-Nd isotope and
trace elements (Figs. 7b and 9). This implies that the petrogenesis of
Nushan granitoids could be different from those of Caoshan and
Huaiguang granitoids, as suggested by Yang et al. (2007, 2010).
Another constraint on the petrogenesis of the Mesozoic gran-
itoids in the southeastern margin of the NCC is from the Pb-Nd
isotope. In the 206Pb/204Pb vs. 207Pb/204Pb and 208Pb/204Pb
diagrams (Fig. 8), the Caoshan and Huaiguang granitoids show Pb
isotope compositional afﬁnity to the NCC rocks as represented by
the Wuhe Complex. However, the Nushan granitoids plot outside
the NCC ﬁeld, with a markedly higher Pb composition. The Pb data
conﬁrm that the Caoshan and Huaiguang granitoids are most likely
derived from the NCC basement, whereas the petrogenesis of the
Nushan granitoids is more complex, and probably involved the YC
basement or the NCC basement in the Fengyang area, as charac-
terized by the high Pb isotope composition. The Pb isotope ratios
are not useful tracers to distinguish the YC basement from the NCC
basement, at least in the case of the southeastern NCC. The zircon
Hf isotope data show that the Nushan granitoids havemodel ages of
1.8e2.2 Ga, and the Caoshan and Huaiguang granitoids yield model
ages of 1.9e2.2 Ga and 2.5e2.7 Ga, respectively (Yang et al., 2007).
The Nd model ages (calculated at 140 Ma) of the Nushan, Caoshan
and Huaiguang granitoids arew2.1 Ga and 2.6e2.7 Ga, respectively.
Particularly, the Nushan granitoids have relatively lower and
consistent Nd-Hf model ages, and these rocks are considered to
have been mainly derived from the YC basement by Yang et al.
(2007, 2010) based on their inherited Neoproterozoic zircon ages.
We agree with this petrogenesis interpretation but emphasize that
the NCC basement is also important and the Pb isotope ratio is not
an effective index for distinguishing the NCC basement from the YC
basement. Although many lines of evidence support that the
Caoshan and Huaiguang granitoids were derived from the NCC
basement, their Nd-Hf isotope data show a marked difference. The
Huaiguang granitoids have consistent Nd-Hf model ages
(2.6e2.7 Ga), whereas the Caoshan granitoids display variable Nd-
Hf model ages (2.6e2.7 Ga vs. w2.1 Ga). Nd-Hf decoupling is also
observed in the northern margin by Jiang and Guo (2010) and Jiang
et al. (2011). The Mesozoic granitoids generally have lower Nd
model ages than those of Hf because the granitoids generally have
lower Sm/Nd ratios whereas the restites have higher Sm/Nd ratios
than the source rocks. The reason for the relatively higher Ndmodel
ages (higher than Hf model ages) for the Caoshan granitoids is
presently unclear.
It is alsoworthy to note that the Nushan granulite xenoliths have
low 3(Nd)(t) (28 to 35) when calculated at 140 Ma, which are
markedly lower than those of the Wuhe Complex, the Mesozoic
granitoid rocks and the pyroxene-rich granulite xenolith from
Hannuoba, but are in good agreement with the values of ancient
lower crust remnants (Jiang et al., 2011). This further suggests that
the Nushan granulite xenoliths were mainly derived from the late
Archean crystalline basement. However, minor pyroxene-richgranulite xenoliths (maﬁc granulites) in the Hannuoba basalt are
considered to be restites when the granulite basement (source
rocks) melted to generate theMesozoic granitoid rocks (melt). Such
xenoliths are not found in the Nushan basalt, for which there are
two possible explanations. The ﬁrst is the differences in the degree
of melting of the source rocks in the northern margin and the
southeastern margin of the NCC during Mesozoic; Mesozoic mag-
matism and resultant metamorphism are widely recorded in the
northern margin (Jiang et al., 2007, 2011; Jiang and Guo, 2010),
whereas there is very few record of the corresponding magmatism
and metamorphism in the southeastern margin, with only one
samplewith an age ofw140Ma reported so far (Huang et al., 2004).
The other possible reason is insufﬁcient data base with the possi-
bility that the one sample (NS201) that shows similar but a little
lower 3(Nd)(t) value (23.4) could be a restite (Huang et al., 2004)
(Fig. 9).
5.4. Some clues on the tectonic setting of the southeastern NCC in
the Neoarchean
There is no doubt that thew2.5 Ga magmatism marks of one of
the major tectono-thermal event in the NCC (Zhai and Santosh,
2011; Wan et al., 2011a, and references therein). However,
whether this event represents arc-related magmatism that culmi-
nated in collisional orogeny or reﬂects magmas underplated from
mantle plumes or both remained equivocal (Zhai et al., 2000; Kusky
and Li, 2003; Polat et al., 2005; Chen, 2007; Liu et al., 2007; Zhao,
2009). Recent investigations provide compelling evidence that
the NCC witnessed prominent w2.5 Ga arc magmatism and
subduction-accretion process in the southern and northern
margins (e.g., Zhou et al., 2009, 2011; Wan et al., 2010a; Diwu et al.,
2011; Wang et al., 2011; Liu et al., submitted). Neoarchean TTG
gneisses occur widely in the southeastern margin of the NCC (Tu,
1994), which are similar in compositions to the TTG gneisses
exposed in the Songshan area in the southern margin of the NCC
(Zhou et al., 2009). This implies that the southeastern margin of the
NCC formed under a tectonic setting deﬁned by a Neoarchean
continental margin arc or island arc. Data from the metamorphic
basement reported in this study provide additional constraints on
the tectonic setting of the southeastern NCC in the Neoarchean.
Three samples in this study have consistent major and trace
element composition, and Sr-Nd isotope features. The rocks are
characterized by low w(SiO2) contents (48.78%e50.72%), high Mg#
(49e51), nearly ﬂat to slightly right-declined REE patterns with (La/
Sm)N ratios of 1.4e2.0, marked Nb, Ta and slight Ti anomalies, high
Cr contents (102e136 ppm), higher Nb/Ta ratios of 14.4e18.1, high
Zr contents of 63e68 ppm, and low initial Nd isotope values (1.9)
(Tables 1e3, Figs. 5e9). In the Zr/TiO2 vs. SiO2 diagram, they plot in
the ﬁeld of basalt (Fig. 10). The samples also plot in the region of
island arc basalt (IAB) in the La vs. La/Nb (ﬁgure not shown). All
these features resemble the Group 2 samples from the Yixian-Fuxin
greenstone belt in the middle to northern segment of the NCC
(Wang et al., 2011). They resemble Phanerozoic subduction-related
boninite-like rocks formed by the partial melting of the refractory
mantle wedge which was previously metasomatized by ﬂuids and
possibly slab melts ﬂuxed from the subducting slab. Some OIB-like
components were also probably involved during the partial melting
processes (Wang et al., 2011). The TTG gneisses can be interpreted
to be produced by the partial melting of a subducting slab (Tu,1994;
Zhou et al., 2009, 2011; Diwu et al., 2011). Thus, our data suggest
that the southeastern margin of the NCC might have formed in
a tectonic setting characterized by a late Neoarchean active conti-
nental margin, and was related with oceanic slab subduction, as
also proposed for the northern and southern margins of the NCC by
various authors (Zhou et al., 2009, 2011; Diwu et al., 2011; Wang
Figure 10. Zr/TiO2 vs. SiO2 diagram for the studied samples (after Winchester and
Floyd, 1977).
A. Wang et al. / Geoscience Frontiers 4 (2013) 57e71 69et al., 2011). A similar conclusion has also been derived from the
southeastern margin of the NCC from the deep-seated xenoliths
entrained in Mesozoic granitoids in the Xuzhou-Suzhou area by
other authors (Xu et al., 2009; Liu et al., submitted).
6. Conclusions
This study leads to the following salient conclusions.
(1) The Wuhe metamorphic complex in the southeastern margin
of the NCC was most likely formed in the Neoarchean and
experienced 1.8e1.9 Ga high-pressure granulite facies
metamorphism.
(2) Integrated geochronological, elemental and isotopic data
suggest that the maﬁc granulites represent the constituents of
ancient lower crust. The metamorphic basement exposed in
the Fengyang area are characterized by high radiogenic Pb
isotope ratios, and the Pb isotopic compositions cannot be used
to distinguish the NCC basement from the YC basement, at least
in the case of the southeastern NCC.
(3) Coupled elemental and isotopic data indicate that some of the
Mesozoic granitoids in the Bengbu uplift were derived from the
NCC basement conﬁrming the suggestion in some of the recent
models.
(4) The geochemical data presented in this study suggest that the
southeastern margin of the NCC might have been an active
continental margin during late Neoarchean.
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